indicate that the NADH dehydrogenase-flavoprotein system is not involved but little is known of the reaction in Escherichia coli.
The energy-dependent reduction of NADP+ to NADPH by NADH (energy-linked transhydrogenase) was first described in mammalian submitochondrial particles by Danielson & Ernster (1963) . It was shown that energy for the reaction could be supplied either by added ATP or by the aerobic oxidation of respiratory substrates. The sensitivity of the reaction to uncouplers and inhibitors of oxidative phosphorylation implies the participation of high-energy intermediates of oxidative phosphorylation.
Measurements of the energy requirement of the reaction demonstrated that one ATP molecule was utilized/NADPH molecule formed. The submitochondrial particles contained a non-energy-dependent transhydrogenase, a reaction that could proceed in the absence of added ATP. It was shown that the equilibrium constant (K =
NAD+]-[NADPH]/[NADH]
[NADP+]) was 0.79 for the non-energy-linked reaction. In the energy-dependent reaction there was a strong displacement of the equilibrium towards the formation of NAD+ and NADPH with an equilibrium constant of 480 (Lee & Ernster, 1964) . Studies with inhibitors such as rotenone and Amytal and studies on the stereospecificity of hydrogen transfer (Griffiths & Roberton, 1966) indicate that the NADH dehydrogenase-flavoprotein system is not involved but little is known of the reaction in Escherichia coli.
The energy-linked transhydrogenase has been demonstrated in certain bacterial preparations (Aleem, 1966a,b; Keister & Yike, 1967; Murthy & Brodie, 1964) because of technical difficulties. The present work describes the characterization of the reaction in small particles derived from E. coli so that further experiments could be carried out on the mechanism of the reaction and its relation to the electrontransport system in E. coli.
METHODS
Methods for the growth of E. coli K 12, preparation of particles from E. coli, determination of protein and nucleotide triphosphatase activity and the sources of chemicals and enzymes are described in the preceding paper (Sweetman & Griffiths, 1971 (1964) or Bragg & Hou (1968) .
RESULTS
Demonstration of the ATP-dependent reduction of NADP+ by NADH. In the presence of an active-NADH-regenerating system E. coli small particles catalysed the reduction of NADP+ (non-energylinked transhydrogenase) as shown by an increase in extinction at 340nm. The reduction of NADP+ was increased four-to five-fold by the addition of ATP after a lag time of about 1 min (Fig. 1 Effect of Mg2+. Mg2+ had different effects on the energy-dependent and the energy-independent reactions. It was found to inhibit the non-energylinked reaction going from NADH to NADPH and from NADPH to NADH (Fig. 2) . Maximum inhibition of both reactions was achieved by 5mM-Mg2+. The energy-linked reaction, however, was stimulated by Mg2+, optimum activity occurring at about 2.5 m_-Mg2+. The activity was not completely abolished in the absence of Mg2+, probably due to the presence of some endogenous Mg2+ in the bacterial particles.
Specificity for A TP. The extent of the energylinked transhydrogenase was found to be dependent on the amount of ATP added ( The reactions were measured as described for Fig. 1 , except that 2mg of bacterial protein (small particles) was used. *, ATP-dependent reduction of NADP+ by NADH; 0, ATP-independent reduction of NAD+ by NADPH; A, ATP-independent reduction of NADP+ by NADH. Table 2) . The pattern was similar to that observed for the energy-linked reduction of NAD+ by succinate (Sweetman & Griffiths, 1971): i.e. ability to drive the reaction was related to the corresponding nucleotide triphosphatase activity, indicating that this reaction is involved in the energy-linked reaction mechanism.
Specificity of the electron donor. The specificity for NAD+ analogues in the non-energy-linked transhydrogenase was relatively broad (Table 3) as all the analogues tested were capable of supporting at least 50% of the control rate. However, the (Fig. 4) respectively, and appear to act as true uncoupling agents. The concentrations for dicoumarol, pentabromophenol and thyroxine inhibition are lower than the corresponding concentrations for the energy-linked reduction of NAD+ by succinate (Sweetman & Griffiths, 1971) .
Also, piericidin A (50% at 150uM) and 2-n-heptyl-4-hydroxyquinoline N-oxide (50% at 190tM) both inhibited the energy-linked transhydrogenase, which is in contrast with their stimulatory effect on the energy-linked reduction of NAD+ by succinate (Sweetman & Griffiths, 1971) .
The differential effects of inhibitors and uncoupling agents on the energy-linked transhydrogenase reaction and oxidative phosphorylation have been pointed out by Bragg & Hou (1968) , who showed that dicoumarol, pentachlorophenol and 2-nheptyl-4-hydroxyquinoline N-oxide also inhibited NADH-cytochrome b1 reductase and the non-AE2 I I-1971 128 AE, energy-linked transhydrogenase reaction. It is difficult to evaluate the role of these compounds as energy-transfer inhibitors in view of their additional inhibitory effects on electron-transport pathways in E. coli and further information on the site of action of these inhibitors is required before any comments can be made on the pathway of electron transfer in energy-linked reactions. Oligomycin, a mitochondrial energy-transfer inhibitor, had no effect on the reaction at the concentrations tested. The effects ofuncouplers on the reaction characterize it as one involving high-energy intermediates of oxidative phosphorylation. 2,4-Dinitrophenol and tetrachlorotrifluorobenzimidazole did not affect the non-energy-linked reduction of NADP+ by NADH, conlim ing that this reaction does not involve the participation of high-energy intermediates.
DISCUSSION
Many of the anabolic reactions in a cell require NADPH as a source of reducing equivalents and this requirement could possibly be satisfied by NADP+-linked oxidations, but as most of the cellular dehydrogenases are NAD+-linked other mechanisms may be utilized for NADPH production. In green plants and algae NADP+ is reduced by a light-dependent process (San Pietro & Black, 1965) , providing a source of NADPH for synthetic reactions. In non-photosynthetic tissues NADPH can be generated by an energy-linked transhydrogenase reaction, which is dependent on oxidative phosphorylation as the source of energy (Ernster & Lee, 1964) .
The results presented here show that E. coli small particles are capable of catalysing two kinds of transhydrogenase reaction. The reactions observed were the reduction of NADP+ by NADH and the ATP-dependent reduction of NADP+ by NADH. Both reactions resulted in the generation ofreducing power in the form ofNADPH.
The energy requirement for the energy-dependent reaction could be supplied by added ATP and to a lesser extent ITP and GTP. There was a relationship between the amount of ATP hydrolysed and the amount of NADPH formed. The minimum value determined for the ATP/NADPH ratio was 3.19:1, but extrapolation to negligible ATP concentration gave a value of 1.55:1. It is concluded that for the reaction in E. coli onemoleculeofATPishydrolysed/ molecule of NADPH formed. However, in view of the fact that no direct evidence for ATP/NADPH ratios below 2.0 :1 has been obtained this conclusion should be treated with caution. Nevertheless, good evidence has been obtained for a relationship between ATP concentration and NADPH production that is in agreement with results obtained for the energy-linked reduction of NAD+ by succinate 5 (Sweetman & Griffiths, 1971 ) and the mammalian energy-linked transhydrogenase reaction (Ernster & Lee, 1964 It has been proposed that the two reactions in mammalian submitochondrial particles involve the same hydrogen-transfer enzyme (Griffiths & Roberton, 1966) because both reactions show similar sensitivities towards inhibitors such as tri-iodothyronine (Hommes & Estabrook, 1964) and to specific antibodies prepared against the purified non-energy-linked transhydrogenase (Kawasaki, Satoh & Kaplan, 1964) . Both reactions involve a direct hydrogen transfer from the A-locus of NADH to the B-locus of NADP+, providing circumstantial evidence in support of the concept that both reactions use the same enzyme. Evidence against this concept is that the two reactions have different sensitivities to Mg2+, different equilibria, and energy is required in one case and not in the other (Ernster & Lee, 1964) .
In the bacterial preparation described here there are several differencesbetween thetwo reactions that suggest they are catalysed by different enzymes or different forms of the same enzyme. ATP shifts the equilibrium towards NADPH formation with the result that the ATP-dependent reaction is 4-5 times faster than the non-energy-linked transhydrogenase. The activation energy of the nonenergy-linked transhydrogenase is twice that of the ATP-dependent reaction between 200 and 30°C. At 19°C the energy-dependent reaction shows a sharp break in the Arrhenius plot and below this temperature the activation energy is increased to twice that of the non-energy-linked reaction, which has no break in the Arrhenius plot. The temperature effects on the energy-linked transhydrogenase are identical with those of the particulate adenosine triphosphatase and the energy-linked reduction of NAD+ by succinate (Sweetman & Griffiths, 1971) . It is concluded that these three reactions have some reaction pathway in common, probably the adenosine triphosphatase or ATP synthetase complex. This pathway is not involved in the non-energy-dependent transhydrogenase.
Further differences are seen with the effect of Mg2+ on the two transhydrogenase reactions. The non-energy-dependent reaction is inhibited by Mg2+ in both directions, whereas the energy-linked reaction is completely dependent on Mg2+ for Bioch. 1970, 121 activity. The selectivity towards Mg2+ argues against the identity of the two enzymes as does the specificity towards nicotinamide nucleotides. Six analogues of NADH were tested for their ability to act as electron donors in the two reactions. All the analogues were able to form the corresponding NADPH analogue with the non-energy-linked enzyme at about 50% of the control rate. The energy-linked transhydrogenase, on the other hand, was active only towards [3-acetylpyridine]-NADH and then at only 10% of the control rate, indicating that this enzyme was specific for NADH. The action of uncouplers of oxidative phosphorylation characterizes the energy-linked reaction as one involving the participation of high-energy compounds derived from ATP hydrolysis. These reagents were without effect on the non-energylinked reaction. The evidence is in favour of the hypothesis that in E. coli there is more than one hydrogen-transfer enzyme responsible for the formation of NADPH from NADH. It is suggested that there are two enzymes, one of which requires ATP and the other not. However, there is no evidence to favour this hypothesis over the alternative hypothesis that we are dealing with different conformational states, induced by ATP, of the same enzyme. Further information on the electrontransfer pathway in E. coli is required.
The energy-transfer pathway for the ATPdependent reaction appears to be identical with that of the ATP-dependent reduction of NAD+ by succinate. However, the hydrogen-transfer pathway of the two reactions is quite different. The reduction of NAD+ involves the NADH and succinate dehydrogenase-flavoprotein systems, but there is no evidence to suggest that these enzymes also participate in the transhydrogenase. Further, the transhydrogenase is selectively inhibited by piericidin and 2-n-heptyl-4-hydroxyquinoline N-oxide, compounds that stimulate the energy-linked reduction of NAD+ by succinate. If the electrontransport chain is not involved in the transhydrogenase then there are obviously other sites of action of piericidin in the bacterial particles. These results are in agreement with studies on submitochondrial particles (A. J. Sweetman & D. E. Griffiths, unpublished work), which showed that piericidin inhibited the mitochondrial transhydrogenase. It seems likely that piericidin could be a useful tool in the study of transhydrogenase reactions.
The energy-linked transhydrogenase in E. coli was first described by Murthy & Brodie (1964) although they could not find the reaction in Mycobacterium phlei, and a report describing the effect of inhibitors and uncouplers on oxidative phosphorylation and the energy-dependent transhydrogenase in E. coli was published by Bragg & Hou (1968) . These investigators concluded that non-phosphorylated high-energy intermediates were involved and Asano, Imai & Sato (1967) concluded that the transhydrogenase in Micrococcus denitrifican8 was similar to that found in mammalian
preparations. An energy-linked transhydrogenase has also been reported in a photosynthetic bacterium Rhodospirillum rubrum (Keister & Yike, 1967 ).
The present work shows that the energy-linked transhydrogenase in E. coli exhibits the same general properties as found in other bacterial systems and also in a mammalian mitochondria.
